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Qin et al plays an essential role in zebrafish development, and interference of its expression results in brain malformation and body axis curvature. 5 Human CDKL1 and CDKL5 were reported to play important functions in the pathogenesis of neurodevelopmental disorder. 4, 6 Recently, CDKL1 has been reported to be upregulated in melanoma and breast and gastric cancers. [7] [8] [9] Dysregulation of human kinases has frequently been linked to a variety of human malignancies, including cancer. As we know, cyclin-dependent kinases (CDKs) can trigger cell cycle progression, and their dysregulation contributes to unscheduled proliferation during tumor development. 10 High nuclear/cytoplasmic ratio of CDK1 expression can predict poor prognosis in CRC patients. 11 CDK8 is regarded as an oncogene of CRC that regulates β-catenin activity. 12 Moreover, P57/Kip2 as an inhibitor of several cyclin-CDK complexes has been proven to be a tumor suppressor, 13 and a variety of medications targeting CDKs have undergone clinical trials for gastrointestinal cancer, breast cancer, and leukemia. 14, 15 As a mimic of CDKs, whether CDKL1 is involved in the progression of human CRCs is not clear, and although some studies have shown associations between CDKL1 expression and cancers, [7] [8] [9] the signaling pathway of CDKL1 remains elusive.
In this study, we have found that CDKL1 is overexpressed in CRC and its suppression by RNA interference (RNAi) inhibits cell proliferation and invasion of CRC cells by impeding the cell cycle. Moreover, analysis of gene expression profiling after CDKL1 knockdown found several gene sets putatively involved in CRC progressions, such as transforming growth factor (TGF)-β signaling, RNA transcription, enzyme inhibitor activity, and chromosome maintenance. Furthermore, we confirmed that the P15-Rb (retinoblastoma tumor suppressor protein) pathway is related to CDKL1 knockdown. Taken together, our findings suggest that CDKL1 might be a potent oncogene in CRC and, therefore, may represent a new target for therapeutic intervention.
Materials and methods clinical samples and immunohistochemistry (ihc) staining
The investigated specimens (tumors and paired normal tissues) were collected randomly from 100 CRC patients with radical colectomy between January 2008 and December 2009 conducted at the Department of General Surgery, Zhongshan Hospital, People's Republic of China. IHC was performed as described previously. 16 All sections were scored blindly by 2 investigators under a light microscope and recorded. CDKL1 expression was estimated using the criterion specified on The Human Protein Atlas website, 17 based on the multiplication of intensity and percentage of the stained cells. The tissue staining was scored as negative (-), slightly positive (+), moderately positive (++), and strongly positive (+++). Ethical approval was obtained from the clinical research ethics committee of Zhongshan Hospital, Fudan University (Shanghai, People's Republic of China). Written informed consent for the acquisition and use of tissue samples was obtained from all patients.
cell culture
The CRC cell lines HT29, Caco2, SW480, SW620, RKO, Lovo, and DLD1 were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China), and HCT116 was obtained from KeyGen Biotech (Nanjing, People's Republic of China). The HCT116 and HT29 cells were maintained in McCoy's 5A medium (KeyGen Biotech); Dulbecco's Modified Eagle's Medium (DMEM) (HyClone, Logan, UT, USA) was used for Lovo, SW480, SW620, RKO, and Caco2, whereas DLD1 cell line was maintained in RPMI-1640 (Corning, Manassas, VA, USA). The media were supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY, USA) in an incubator with 5% CO 2 at 37°C.
small hairpin rnas (shrnas), plasmids, and cell transfection
The shRNA target sequence (5′-AGCAAGTGTTTAG CACGAA-3′) for CDKL1 isotypes (NM_004196 and NM_001282236) was designed and constructed. Nonsense sequence (5′-TTCTCCGAACGTGTCACGT-3′) was designed and used as the shRNA control. CDKL1-shRNA and controlshRNA were cloned into GV115 plasmid vectors (GeneChem, Shanghai, People's Republic of China) containing the green fluorescent protein (GFP) gene. Next, the plasmid vectors were packed into lentivirus particles. When the cells were confluent to 10 4 cells per well in 6-well plates, lentivirus particles with a multiplicity of infection (MOI) of 20 were added. The stably transfected GFP-expressing cells were detected using fluorescence microscopy (Olympus, Tokyo, Japan), and Western blotting was performed with CDKL1 antibody.
ccK-8 assay
Lentivirus-infected cells in the logarithmic phase were seeded into 96-well plates at the density of 2,000 cells per well (HCT116) or 6,000 cells per well (Caco2), and the plates were incubated in 5% CO 2 incubator at 37°C. The cell viability 
colony formation assay
The cells in the logarithmic phase were inoculated into 6-well plates at densities of 200 and 800 cells per well for HCT116 and Caco2, respectively. The medium was replaced every week. When the cell numbers in most of the single colonies were .50, the cells were fixed with paraformaldehyde (Sangon Biotech, Shanghai, People's Republic of China) for 30 min, washed with phosphate-buffered saline (PBS), and stained with 0.1% crystal violet (BioSharp, Hefei, People's Republic of China). After washing the cells with doubledistilled water, the clusters were imaged and the number of colonies were counted.
Transwell assay
The assay was performed with precoated cell invasion kit (pore size 8.0 μm; Corning Inc, New York, NY, USA) and Matrigel (250 μg/mL; BD Biosciences, Bedford, MA, USA) in transwell chambers. Cells at the density of 5×10 4 for HCT116 and 2×10 5 for Caco2 were then allowed to migrate from the medium chamber to that containing medium with 30% FBS in the lower chambers. The invaded cells were fixed with paraformaldehyde after 60 h of incubation and stained with 0.1% crystal violet. The cells that invaded through the membrane were counted under a light microscope (4 random fields per well).
Flow cytometry analysis
Cell culture supernatants and adherent cells were harvested and washed with PBS by centrifugation at 1,000 rpm. Then, the cells were fixed with 70% ethanol at -20°C for 2 h and stained with propidium iodide (PI) (BD Biosciences, San Jose, CA, USA). After incubation for 15 min at room temperature in the dark, the cells were analyzed for DNA content using flow cytometry (FACS Aria; BD Biosciences). For the determination of apoptotic cell death, the cells were stained with Annexin V-APC (BD Biosciences) and PI, followed by fluorescence-activated cell sorting (FACS) analysis according to the manufacturer's instructions (BD Pharmingen).
Fluorescence compensation was conducted to exclude the overlapping of the emission spectra. A total of 50,000 events were acquired for analysis using ModFit LT 3.2 software (Verity Software House, Topsham, ME, USA).
Microarray and data analysis
In order to detect the potential signaling pathways altered while knocking down CDKL1, we performed a gene expression profiling experiment using GeneChip Hybridization Oven 645, containing 22,000 probe sets (Affymetrix, Santa Clara, CA, USA 
Western blot analysis
Harvested cells were lysed, and the total protein was quantitated with the bicinchoninic acid (BCA) kit (Beyotime Biotechnology, Shanghai, People's Republic of China). An equivalent of 40 μg protein extract was resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. Then, the blots were blocked with 5% milk, followed by incubation with the respective antibodies. The immunoreactive bands were detected using an enhanced chemiluminescence kit (Thermo Fisher) and visualized with the Tanon-4500 Gel Imaging System (Tanon, Shanghai, People's Republic of China). Tubulin, H3, and LaminB1 were used as internal controls. The antibodies used were as follows: anti-CDKL1 statistical analysis CDKL1 expression in human tissues was analyzed by nonparametric analysis using the Wilcoxon test. All data were expressed as mean ± SD of 3 independent experiments, wherein each assay was performed in at least triplicates. The Student's t-test was used to evaluate the differences between the control cells and CDKL1-knockdown cells using SPSS 17.0 software (IBM Corp., Armonk, NY, USA). P-values (2-sided) ,0.05 were considered significant.
Results
cDKl1 is overexpressed in human crc
IHC was used for the detection of CDKL1 expression in the paraffin-embedded tissue samples of CRC patients (Figure 1) . The results showed that CDKL1 protein was overexpressed in CRC tissue as compared to the adjacent normal tissue (P,0.01) ( Table 1) , primarily in the nucleus and less in the plasma. These results indicate that high levels of CDKL1 are present in CRC. Next, we searched for CRC cell lines that displayed high levels of CDKL1 expression. The expression of CDKL1 protein was confirmed by Western blotting (Figure 2A ). Thus, we selected HCT116 and Caco2 cells for subsequent assays.
cDKl1 knockdown affects proliferation and invasion of crc cells
As a kinase, CDKL1 overexpression in CRC suggested that it might be required for cancer proliferation. First, we successfully carried out infection of HCT116 and Caco2 with lentivirus, as evident by the fluorescence microscopy results and the protein levels ( Figure 2B and C) . The CCK-8 assay revealed that the number of viable cells in the CDKL1-shRNA group decreased significantly as compared to the control group (P,0.01, Figure 3A and B). In addition, the colony formation assay was performed to determine the tumorigenesis in vitro. The cells were grown and allowed to form colonies 14 days after infection. Compared to the control group, the number of colonies in HCT116 and Caco2 cells of the CDKL1-shRNA group was decreased significantly (P,0.01, Figure 3C and D). Furthermore, by the transwell assay, we observed that the migratory potential of the cells was decreased significantly when endogenous CDKL1 expression was knocked down by CDKL1-shRNA vectors in both cell lines ( Figure 3E and F). Following these results, we conclude a critical role for CDKL1 in the proliferation and migratory potential of CRC cells.
cDKl1 facilitates the transition from g1 to s phase in crc cells
Considering that CDKL1 is related to CDKs, we examined the effect of CDKL1 silencing on cell cycle regulation in CRC cell lines. The cell cycle profiling by FACS indicated that silencing of CDKL1 expression with shRNA resulted in an increased number of cells in the G1 phase in HCT116 and Caco2 cells ( Figure 3G and H). However, no consistency was observed in the distribution of G2 and S stages of the 2 cell lines. These results suggest that CDKL1 promotes the proliferation of CRC cells by facilitating the transition from G1 to S phase. Moreover, the apoptosis assay revealed that CDKL1-shRNA lentivirus exerts little influence on apoptosis in both cell lines ( Figure 3I and J).
cDKl1 knockdown inhibits colon tumorigenesis in vivo
To examine the effects of the silencing of CDKL1 on tumor growth in vivo, CRC cells that stably expressed control-shRNA or CDKL1-shRNA were inoculated into the armpit of BALB/c mice. All the animals developed tumors 7 days after inoculation. Moreover, 28 days after inoculation, the tumors of the control-shRNA animals were significantly larger than those of the CDKL1-shRNA group ( Figure 4A and B) . The mean tumor volume was 725.53±200.02 mm 3 in mice inoculated with HCT116 cells that expressed control-shRNA as compared to 149.44±155.10 mm 3 in the CDKL1-shRNA group ( Figure 4C ). On the other hand, the mean tumor volume in the Caco2 group was 1,200.33±436.99 mm 3 (control-shRNA) as compared to 307.73±76.83 mm 3 (CDKL1-shRNA) ( Figure 4D ). These data demonstrate the important role of CDKL1 in promoting the growth of colon cancer cells.
Multiple signaling proteins are activated by CDKL1-shrna vector
Complementary DNA (cDNA) microarray identified that expression of 32 genes was upregulated while 21 genes were downregulated under the condition of |FC| .2 and P-value ,0.01 ( Figure 5A-C) . Further analysis found that the gene sets involved in CDKL1 knockdown are components of TGF-β receptor signaling, cellular defense response, secretory pathway, RNA polymerase II transcription factor activity, enzyme inhibitor activity, chromosomes, membrane fractions, Toll pathway, pathogenic Escherichia coli infection, and spliceosomes. (Table 2 ) Next, Western blotting assay verified that knockdown of CDKL1 yielded a variably increased protein level of P15 (CDKN2B). Furthermore, examining the P15 cell cycle pathway molecules such as CDK4, CDK6, cyclinD1, Rb, and phosphorylated Rb revealed that total Rb was significantly upregulated after CDKL1 knockdown in both cell lines irrespective of CDK4/6 status, and cyclinD1 was upregulated in Caco2 ( Figure 5D ). However, the 2 cells shared no consistency on specific phosphorylation sites of Rb, such as Ser780 and Ser807/811.
Discussion
In the current study, the expression of CDKL1 protein increased significantly in tumor tissues as compared to the paired normal mucosa in CRC patients. It indicated that the high expression of CDKL1 might be correlated with CRC. Thus, to further explore the molecular function of CDKL1, we chose RNAi to disrupt the gene in human CRC cells and investigate the functional consequences. We found that the knockdown of CDKL1 led to inhibited proliferation, impaired cloning, lowered invasion ability, and stalled G1-S transition. Our study identified that CDKL1 may be a potential driver gene in CRC.
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Qin et al Human cells harbor a large protein family composed of protein kinases, most of which are poorly studied, except CDKs. 19 CDKs modulate the progression of the cell cycle by its sequential activation and inactivation. 10, 12 They are critical in regulating metabolism, cell division, and apoptosis by phosphorylation of diverse protein substrates. Their dysregulations directly or indirectly mediate unscheduled proliferation of most tumor cells. Human cells contain multiple CDKs, including CDK1, CDK2, and CDK4/6, several regulatory cyclins, as well as CDK inhibitors. 20, 21 OncoTargets and Therapy 2017:10 submit your manuscript | www.dovepress.com
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Qin et al For instance, CDK4/6 associates with cyclinD to regulate the cell cycle progression in the G1 phase; the complex senses cell mitogenic signals and prompts the cells to initiate DNA synthesis. 10, 14, 20, 22 The deregulation of these complexes has been implicated in a variety of cancers. Currently, in clinical practice, palbociclib is an orally administered cell cycle inhibitor, highly specific against CDK4/6. 23 It can cause G1 cell cycle arrest and produce marked tumor regression in mice bearing human colon carcinoma.
24 CDKL1 shares the same functional domains structurally as the CDKs, such as the cdc2 sequence features. 3, 5 The phylogenetic conservation of this molecule underscores their potential physiological similarity. Herein, we revealed that CDKL1 depletion led to an obvious arrest at the G0/G1 phase of CRC. Moreover, FACS results excluded the possibility that CDKL1 knockdown impedes CRC cell growth through apoptosis. To maintain G1 regulation, the activity of the CDK4/ cyclinD complex is antagonized by CDK inhibitors such as the INK4 family, including INK4A, INK4B, INK4C, and INK4D, and the Cip and Kip family, composed of p21, p27, and p57. 10, 13, 14 These cell cycle inhibitors have been shown to block proliferation of adult stem cells in multiple tissues. Among them, INK4B (P15) specifically inhibits the catalytic subunits of CDK4/6 involved in the regulation of G1-S phase transition. 10, 25 It is capable of inducing cell cycle arrest in the G1 phase and has been identified as a critical tumor suppressor. 26, 27 Thus, we decided to lay emphasis on P15 based on our microarray results after CDKL1 knockdown. Furthermore, we demonstrated that depletion of CDKL1 notably upregulated the protein expression of P15. P15 is shown to be a target of CDKL1 in CRC, either direct or indirect. However, further studies are essential for finding and verifying the partner or direct inhibitor of CDKL1. We also proved that as a downstream molecule of the P15 pathway, Rb is inhibited after CDKL1 knockdown. Rb is a well-known tumor suppressor in cell cycle regulation. 28 Phosphorylation 
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Qin et al of Rb negatively regulates the cell cycle through E2F repression. [29] [30] [31] However, Rb contains 13 conserved sites that are phosphorylated by the CDK-P15 complex in cycling cells and phosphorylation will cause site-specific and diverse conformational changes in the complex. 32, 33 Further studies need to be conducted to decipher the phosphorylated site of Rb related to CDKL1 knockdown. We found that the downstream molecules of P15 pathway such as cyclinD1 were inconsistent among HCT116 and Caco2, which may explain the different cell cycle distribution (S and G2 phases) between the 2 cell lines; however, further investigation is imperative. The MAPK pathway regulates diverse cellular functions including cell migration and is dysregulated in a variety of cancers. 34 Our microarray results showed that DUSP1 and JUN, as 2 important molecules of the pathway, were dysregulated; this may lead to the attenuation of the invasion of CRC cells after CDKL1 knockdown. In addition, in the literature, there are no data relating CDKL1 with tumor invasion, so further experiments are required.
Conclusion
CDKL1 is a molecule of the complex cell cycle regulation network. Our study proves that CDKL1 expression contributes to CRC progression. The underlying mechanisms of 
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